Relatively little is known about the epidemiology and factors underlying susceptibility to childhood rhabdomyosarcoma (RMS). To better characterize genetic susceptibility to childhood RMS, we evaluated the role of family history of cancer using data from the largest case-control study of RMS and the Utah Population Database (UPDB). RMS cases (n = 322) were obtained from the Children's Oncology Group (COG). Population-based controls (n = 322) were pair-matched to cases on race, sex, and age. Conditional logistic regression was used to evaluate the association between family history of cancer and childhood RMS. The results were validated using the UPDB, from which 130 RMS cases were identified and matched to controls (n = 1300) on sex and year of birth. The results were combined to generate summary odds ratios (OR s ) and 95% confidence intervals (CI). Having a first-degree relative with a cancer history was more common in RMS cases than controls (OR s = 1.39, 95% CI: 0.97-1.98). Notably, this association was stronger among those with embryonal RMS (OR s = 2.44, 95% CI: 1.54-3.86). Moreover, having a first-degree relative who was younger at diagnosis of cancer (<30 years) was associated with a greater risk of RMS (OR s = 2.37, 95% CI: 1.34-4.18). In the largest analysis of its kind, we found that most children diagnosed with RMS did not have a family history of cancer. However, our results indicate an increased risk of RMS (particularly embryonal RMS) in children who have a first-degree relative with cancer, and among those whose relatives were diagnosed with cancer at <30 years of age.
The results were combined to generate summary odds ratios (OR s ) and 95% confidence intervals (CI). Having a first-degree relative with a cancer history was more common in RMS cases than controls (OR s = 1.39, 95% CI: 0.97-1.98). Notably, this association was stronger among those with embryonal RMS (OR s = 2.44, 95% CI: 1.54-3.86). Moreover, having a first-degree relative who was younger at diagnosis of cancer (<30 years) was associated with a greater risk of RMS (OR s = 2.37, 95% CI: 1. 34-4.18) . In the largest analysis of its kind, we found that most children diagnosed with RMS did not have a family history of cancer. However, our results indicate an increased risk of RMS (particularly embryonal RMS) in children who have a first-degree relative with cancer, and among those whose relatives were diagnosed with cancer at <30 years of age.
Introduction
Rhabdomyosarcoma (RMS) is a malignant tumor of skeletal muscle. While RMS is the most common soft tissue sarcoma in children [1] , the annual incidence is only 4.6 per million in people younger than 20 years of age [2] . In the United States (US), about 350 children and adolescents are diagnosed with RMS per year [3] , and half of those cases occur before 10 years of age [2] . The two major histologic subtypes of RMS are embryonal (~70% of cases) and alveolar (~30% of cases). While embryonal RMS are characterized by loss of heterozygosity/loss of imprinting at loci on chromosome 11p15,~80% of alveolar RMS are driven by a specific chromosomal translocation between either of the transcription factors PAX3 or PAX7 and FOXO1 [4] [5] [6] .
Relatively little is known about the epidemiology and factors underlying susceptibility to childhood RMS. Inherited genetic susceptibility is believed to play an important role in the development of childhood RMS [7] . For instance,~5% of cases appear to be associated with familial syndromes [8] . Specifically, within Li-Fraumeni syndrome (LFS) families that carry germline TP53 mutations, RMS is one of the most common childhood malignancies [9, 10] . Additionally, in one report from the fourth trial of the Intergroup Rhabdomyosarcoma Study Group (IRS-IV), the prevalence of neurofibromatosis type 1 was~20 times greater in children with RMS compared to the general population (0.5% vs. 0.02-0.03%) [11] . In spite of these associations, much work remains in characterizing the role of genetic susceptibility in the etiology of childhood RMS.
Having a family history of cancer has been shown to be associated with childhood cancers including acute lymphoblastic leukemia [12] , germ cell tumors [13] , Hodgkin lymphoma, and non-Hodgkin lymphoma [14] , however, to our knowledge, there have been no systematic population-based studies evaluating the role of family history of cancer in the etiology of childhood RMS. Because family history of cancer is often used to determine the influence of inherited susceptibility in cancer risk, we assessed the association between family history of cancer and RMS in the largest case-control study of childhood RMS to date and the Utah Population Database (UPDB).
Materials and Methods

COG discovery cohort
Study population
Cases and controls were enrolled from the third trial previously coordinated by the Intergroup Rhabdomyosarcoma Study Group (IRSG), which became part of the Children's Oncology Group (COG) in 2000 and managed treatment protocols for 80-85% of all childhood RMS cases in North America [15] . The details regarding the case-control study have been previously described [16] [17] [18] . Briefly, the cases included those who were 0 years old and up through 20 years of age at the time of their RMS diagnosis from April 1982 to July 1988. Central expert pathology review, coordinated by COG, confirmed all RMS diagnoses, as well as histologic subtype (i.e., embryonal, alveolar, or other). Controls were identified by random-digit dialing during the same period [16] [17] [18] . Controls were pair-matched to cases on race, sex, and age.
Data collection and variables
Data were collected from case and control families by telephone interview using a structured questionnaire, which included items on family cancer history among first-and second-degree relatives. The child's mother and father were asked to participate in the interview, which for case and control families lasted on average 70 and 68 min, respectively. Interviews were conducted in English and Spanish. The Institutional Review Board (IRB) at Baylor College of Medicine approved this study.
UPDB validation cohort
The UPDB is a dynamic resource located at the University of Utah and consists of computerized statewide vital records, cancer registry information, and administrative claims data for 7.3 million living and deceased individuals, beginning in the early 1900s. Most families living in Utah are represented in the UPDB multigenerational pedigrees. Data from the Utah Cancer Registry (UCR), a Surveillance Epidemiology and End Results (SEER) registry since 1973, are regularly linked to the UPDB. This provides an ongoing and accurate assessment of family history of cancer that does not depend on self-report. We identified RMS cases diagnosed at 0-20 years of age from the UCR from 1966 to 2011. Unaffected population controls were selected randomly from individuals in UPDB and matched 10:1 to RMS cases on sex and birth year. To appropriately match exposure periods, a control had to have follow up at least as long as the date of diagnosis for their respective case. COG cases were neither born nor diagnosed in Utah, and therefore, there was no overlap between cases from the COG and UPDB cohorts. The University of Utah's IRB and Resource for Genetic Epidemiologic Research approved this study.
Statistical analyses
Descriptive statistics were used to characterize the demographic variables among the case and control groups. To compare the potential prevalence of LFS in RMS cases with previous reports, we determined the proportion of cases that met the revised Chompret criteria [19, 20] . Specifically, the criteria were met if the case had a firstor second-degree relative diagnosed with (1) at least one tumor classified under the LFS spectrum (e.g., soft tissue sarcoma, osteosarcoma, brain tumor, premenopausal breast cancer, adrenocortical carcinoma, leukemia, lung bronchoalveolar cancer) at <56 years of age, or (2) multiple tumors.
For the COG discovery cohort, conditional logistic regression was used to evaluate cancer history among first-and second-degree relatives and the association with childhood RMS by generating adjusted odds ratios (OR a ) and 95% confidence intervals (CI). Specifically, cancer history was assessed among first-degree relatives, seconddegree relatives, and any relatives (i.e., either a first-or second-degree relative). Stratified analyses were conducted to: (1) evaluate the association of family cancer history and childhood RMS for children who are male and those who are female; (2) children diagnosed under 5 years of age and those diagnosed later (based on sample size and previous assessments) [13] ; and (3) for children who have relatives diagnosed with a malignancy before the age of 30 years and those with relatives diagnosed when older than 30 years. Because the RMS histologic subtypes are suspected to be heterogeneous in etiology, the association of family cancer history and childhood RMS was also assessed separately for children diagnosed with embryonal RMS; we did not separately assess those with alveolar RMS due to the potential heterogeneity within this group as information on PAX-FOXO1 fusion status was not available. Finally, the association of family cancer history and childhood RMS was independently evaluated among each cancer type diagnosed in their relatives. All statistical models were adjusted for the matching factors including the child's sex (male or female), age at diagnosis (in years), and race (categorized as White, Black, or other). An association was considered statistically significant if P < 0.05.
Analyses were repeated with the UPDB validation cohort using unconditional logistic regression to generate OR a and 95% CIs, adjusting for the matching factors of sex and year of birth. The results from the COG discovery cohort and the UPDB validation cohort were combined using weighted standard errors in meta-analysis, due to differences in study design between the cohorts, to generate summary ORs (OR s ) and 95% CIs. We tested for heterogeneity across the two studies (i.e., cohorts) using Cochran's Q-test [21] .
All analyses were conducted using STATA 12.1 (StataCorp LP, College Station, TX) and SAS 9.1.3 (SAS Institute, Cary, NC).
Results
There were 322 case-control pairs available from the COG discovery cohort and 130 RMS cases and 1300 controls from the UPDB validation cohort for the present analysis (Table 1) . A higher proportion of case mothers (COG 14.1%, UPDB 13.2%) and fathers (COG 17.1%, UPDB 8.6%) had less than a high school education compared to control mothers (COG 12.2%, UPDB 11.1%) and fathers (COG 11.8%, UPDB 7.0%). Additionally, a higher proportion of cases (COG 32.8%) were from households where the total annual income was less than $20,000 compared to controls (COG 24.3%). The most common histologic subtype of RMS in this population was embryonal (COG 66.7%, UPDB 50.0%) followed by alveolar (COG 20.5%, UPDB 29.2%). The prevalence of potential LFS (when applying the revised Chompret criteria) was similar among RMS cases diagnosed at <3 years of age (COG 13.0%, UPDB 12.0%) and those diagnosed at ≥3 years of age (COG 13.3%, UPDB 14.3%).
Most RMS cases did not have a first-degree relative with a history of cancer (COG 92.2%, UPDB 94.5%). While not statistically significant, having any first-degree relative with cancer was positively associated with childhood RMS ( When assessing embryonal RMS and the influence of family history of cancer on disease occurrence (Table 4) , there was a positive association between having a firstdegree relative with cancer and embryonal RMS (COG OR a = 1.58, 95% CI: 0.61-4.10), with a strong and statistically significant association detected in the UPDB cohort (OR a = 2.78, 95% CI: 1.22-3.50). When combining the Family history of cancer and rhabdomyosarcoma P. J. Lupo et al. Table 2 . Family history of cancer in first-and second-degree relatives and risk of childhood rhabdomyosarcoma. COG and UPDB results, having a first-degree relative with a history of cancer was significantly associated with embryonal RMS (OR s = 2.44, 95% CI: 1.54-3.86). There was no association between having a second-degree relative with cancer and embryonal RMS in the COG cohort, however, a positive nonsignificant association was detected in the UPDB cohort (OR a = 1.21, 95% CI: 0.89-1.63).
There was no heterogeneity detected between the COG and UPDB cohorts when combining results to generate OR s estimates (P for heterogeneity >0.100).
Discussion
In the largest analysis of its kind to date, we found that most RMS cases did not have a first-degree relative with a history of cancer. However, three patterns emerged: (1) having any first-degree relative with a history of cancer was more common in RMS cases than controls; (2) having a first-degree relative who was younger (<30 years of age) when diagnosed with cancer was more strongly associated with childhood RMS than having a first-degree relative who was older at diagnosis (≥30 years of age); and (3) having a first-degree relative with cancer was strongly associated with embryonal RMS. While there have been no previous population-based studies of family history of cancer and childhood RMS, our results are consistent with previously reported associations between family history of cancer and other childhood cancers. For instance, in a case-control study conducted in Canada, the authors reported a positive but nonsignificant association between a family history of cancer among first-degree relatives and childhood acute lymphoblastic leukemia (OR = 1.2, 95% CI: 0.6-2.3) [12]. Data from the French national population-based ESCALE study indicated that a family history of cancer was associated with an increased risk of Hodgkin lymphoma (OR = 1.5, 95% CI: 1.0-2.2) and non-Hodgkin lymphoma (OR = 1.8, 95% CI: 1.3-2.5) [14] . The magnitude of these associations is similar to our findings. As in our study, the ESCALE study reported associations were stronger when the relative was first-degree (e.g., Hodgkin lymphoma OR = 2.2, 95% CI: 0.9-5.1) versus second degree (OR = 1.4, 95% CI: 1.0-2.1). Additionally, the ORs were higher when relatives were diagnosed earlier in life (<46 years of age), which was also the case in our population. This is further supported by a report from the COG where the association between family history of cancer and germ cell tumors in male children was stronger when the relative was <40 years of age at diagnosis (OR = 2.6, 95% CI: 1.0-6.44) compared to when the relative was 40-49 years of age at diagnosis (OR = 1.2, 95% CI: 0.5-3.4) or ≥50 years of age at diagnosis (OR = 1.3, 95% CI: 0.60-2.73) [13] . Case reports and case series of childhood RMS have indicated that a family history of cancer or of a cancerpredisposing syndrome is an important factor in disease risk. Li and Fraumeni reported that among 648 childhood RMS cases, four were from families in which siblings or cousins had a childhood sarcoma [22] . These families also had histories of breast cancer and other neoplasms. While not statistically significant, in our population, a family history of breast cancer was positively associated with childhood RMS (OR a = 1.72, 95% CI: 0.62-4.78). Among children who were <3 years of age at diagnosis, 13.3% and 12.0% had a family history of cancer consistent with that of LFS in the COG and UPDB cohorts, respectively. This supports previous reports that estimate 10-15% of younger children (i.e., <3 years of age) diagnosed with RMS may have LFS [23] . Additionally, in our data~13-14% children ≥3 years of age at diagnosis also met the Chompret criteria for potential LFS. This is in contrast to a previous report which suggested that LFS may not be as common among those older than 3 years of age at diagnosis [24] . Furthermore, these estimates were confirmed in the UPDB cohort.
Our results further indicate that the RMS risk among children with first-degree relatives that were younger at cancer diagnosis (<30 years of age) was not driven by LFS. This could indicate that other cancer susceptibility genes that are yet to be identified may underlie RMS.
As indicated, in our study, family history of cancer was more strongly associated with embryonal RMS than when assessing all RMS cases together. This is notable as embryonal RMS is characterized by a younger age at onset compared to alveolar RMS [25] , and there is some evidence that embryonal RMS is more common than alveolar RMS in families with TP53 mutations [26] [27] [28] . Interestingly, anaplastic RMS also appears to be associated with germline TP53 mutations [29] . Unfortunately, anaplastic histology was not annotated in IRS-III or the UPDB. Lastly, in a hospital-based survey, investigators observed that relatives of sarcoma patients were more likely to have an excess of cancer when the sarcoma histologic type was embryonal RMS [30, 31] . This may point to a stronger role of family history of cancer in the development of embryonal RMS when compared with alveolar RMS; however, this must be further investigated.
Our results should be considered in light of certain limitations. First, family history of disease was obtained by self-report for the COG cohort. Self-report of family history of cancer is relatively accurate in case-control studies; however, reliability appears to be higher for reports for first-degree relatives compared to more distant relatives [32] [33] [34] [35] . Although we evaluated associations between both first-(parents and siblings) and seconddegree (grandparents and aunts/uncles) relatives, as parents provided family history information about their firstdegree relatives (i.e., the child's grandparents and aunts/ uncles), we might expect the information about a child's second-degree relative to be more accurate than in comparable studies of adult cancers. Parents of cases might also be expected to give a more thorough history than control parents, although this is not supported by three previous validation studies [33, 36, 37] . Lastly, our results were validated using the UPDB, which is a populationbased resource that relies on record linkages between birth certificates, the UCR, and medical records to follow cancer diagnoses through family pedigrees. Associations found in the UPDB cohort were consistent, and sometimes stronger when compared with the COG cohort (i.e., the OR for having a first-degree relative with cancer among those with embryonal RMS was 76% stronger in the UPDB compared to the COG cohort). Another limitation is that while this is the largest casecontrol study of childhood RMS to date, we were restricted to evaluating only first-and second-degree relatives. Additionally, due to small numbers, it was not possible to assess disease risk associated with increasing number of relatives with a previous cancer diagnosis. For instance, in the COG population, less than 1% of subjects had two first-degree relatives with a history of cancer.
Recent findings confirm that~20% of alveolar RMS tumors do not exhibit a PAX-FOXO1 rearrangement [38] , and that "fusion negative" alveolar RMS cases have clinical outcomes similar to those with embryonal RMS [6, 39, 40] . In fact, the biology of fusion negative alveolar RMS tumors may be closer to embryonal RMS tumors, suggesting these two phenotypes could be considered together in epidemiologic assessments. Unfortunately, PAX-FOX01 fusions were not assessed when the COG cases were diagnosed in the 1980s; therefore it is not possible to evaluate the influence of family cancer history on RMS based on fusion status. However, it is not clear if risk factors for embryonal RMS and fusion negative alveolar RMS overlap. Furthermore, several previous epidemiologic assessments have evaluated embryonal RMS as a distinct phenotype [9, 16, 25, 41] .
This study has several major strengths. First, this is the largest case-control study to evaluate the influence of family history of cancer on childhood RMS, with 322 childhood RMS cases from the COG cohort. Second, this study is unique in that it provides a population-based estimate of potential LFS among those with RMS. Lastly, we validated our findings (COG) in a second independent cohort (UPDB). While this is common for large-scale genetic studies, it is not typically practiced in classical epidemiologic assessments.
While only a minority of children with RMS had a family history of cancer, this study adds to the body of evidence that inherited genetic susceptibility may be a factor in the development of childhood RMS. This is reflected in a modest increase (i.e., 39%) in familial cancer incidence and earlier onset of these malignancies. Much work remains in characterizing germline genetic susceptibility to childhood RMS. Unlike many other childhood cancers, there have been few germline candidate gene studies of RMS and no genome-wide association studies to date. As little is known about the epidemiology of childhood RMS, it will be important to further examine the genetic underpinnings of these complex phenotypes in future studies.
